Abstract Gain of function (GOF) mutation in the p110δ catalytic subunit of the phosphatidylinositol-3-OH kinase (PIK3CD) is the cause of a primary immunodeficiency (PID) characterized by recurrent sinopulmonary infections and lymphoproliferation. We describe a family of two adults and three children with GOF mutation in PIK3CD, all with recurrent sinopulmonary infections and varied infectious and non-infectious complications. The two adults have Primary Sclerosing Cholangitis (PSC) without evidence of Cryptosporidium parvum infection and have required liver transplantation. PSC is a novel phenotype of GOF mutation in PIK3CD.
Introduction
Gain of Function (GOF) mutation in the p110δ catalytic subunit of the phosphatidylinositol-3-OH (PIK3CD) is the cause of a primary immunodeficiency (PID) characterized by recurrent sinopulmonary infections, lymphoproliferation, EBV and CMV viremia, as well as EBV and non-EBV driven malignancies [1] [2] [3] . We describe five family members with GOF PIK3CD characterized by recurrent sinopulmonary infections and Primary Sclerosing Cholangitis (PSC) not associated with Cryptosporidium parvum infection in the adults.
Case Reports
The family is composed of two affected siblings (P1 and P2) and one of the sibling's three children (P3-5) (Fig. 1 ). All affected family members have recurrent sinopulmonary infections and various shared and unique clinical features as outlined in Table 1 . There is no history or evidence of chronic viral replication in the affected family members and, at this time, no evidence of lymphoproliferation.
Patient 1 is a 34 years old Caucasian female with a history of non-infectious diarrhea as a child and recurrent infections. At age 16 she was evaluated with colonoscopy and biopsy, which led to a diagnosis of Ulcerative Colitis (UC) and PSC. Her liver biopsy is seen in Fig. 2 showing liver cirrhosis, periductal fibrosis, and ductopenia with neocholangiogensis consistent with PSC. There was no evidence of Cryptosporidium parvum infection of the bile ducts on biopsy or culture. She underwent liver transplantation at age 18 and has had a stable post-transplant course with no recurrence of PSC and resolution of her UC. After liver transplantation she was started on Immunoglobulin (IG) replacement for recurrent sinopulmonary infections. Her respiratory tract infections have improved but she has had dental abscesses and facial cellulitis.
Patient 2 is a 27 years old Caucasian male who was hospitalized at age 2 for varicella with superficial skin infection requiring IV antibiotics. At age 6 he developed pancytopenia, lymphadenopathy and hepatosplenomegaly. His bone marrow biopsy was hypercellular, and a lymph node biopsy showed follicles with limited germinal centers. He was started on IG replacement in his teenage years for recurrent P2 P1 P5 P3 P4 E? Fig. 1 Family pedigree. Father of P1 and P2 as well as the 2 unaffected siblings are mutation negative; mother of P1 and P2 was not tested as she is deceased and there is no genetic tissue available for evaluation, as indicated by "E?" Cryptosporidium parvum infection and underwent liver transplantation. Three years after the original transplant, he has had a recurrence of PSC and is awaiting re-transplantation. Patient 3 is a 10 years old Caucasian male with onset of serious respiratory tract infections at 6 months of age with severe RSV bronchiolitis and recurrent otitis media. At age 6 he was started on IG replacement for recurrent sinopulmonary infections but continued to have sinopulmonary infections despite IG therapy. He has gastroesophageal reflux and vomiting but no evidence of IBD on colonoscopy. He has had cellulitis, impetigo and multiple tooth abscesses as well as dental caries despite good dental hygiene and regular dental care. His skin testing, unlike his siblings, demonstrates specific IgE production to ragweed.
Patients 4 & 5 are identical 8 years old twin Caucasian females. They have recurrent infections with sinusitis and otitis, but without pneumonia. Patient 4 has had eczema with superinfection, cellulitis, plantar warts and cervical lymphadenitis. In addition she has had dental abscesses without dental caries despite excellent dental hygiene. Her twin, Patient 5, has a history of eczema herpeticum at age 1 treated with outpatient acyclovir and was admitted for IV antibiotics for cervical lymphadenitis at the age of 2. She has no history of dental abscesses in contrast to her siblings and mother.
All family members had slightly low to normal IgG, normal IgA with normal to elevated IgM with the exception of patient 3 who had low IgG prior to initiation of immunoglobulin. With the exception of Patient 1, lymphocyte enumeration studies showed mild T and B cell lymphopenia with low total and switched memory B cells and CD4 skewing to memory phenotype when adjusted for age. Results of flow cytometry for Patient 1 were obtained post liver transplantation, which may explain the increased percentage of activated, DR + T cells (Table 1 ). Based on their clinical phenotype and initial immune evaluation, the family underwent testing for known causes of Hyper IgM Syndrome (HIGM), which was negative. Whole exome sequencing did not reveal the genetic cause of the immunodeficiency. However, after publication of PIK3CD mutations and clinical similarity to this disorder, the exome data was reanalyzed and the PIK3CD gene was found to exhibit poor coverage. Sanger sequencing of PIK3CD confirmed a known GOF heterozygous mutation c3061G>A, p.E1021K in all affected family members [1, 4] .
The Mother of P1 and P2 died from complications of dialysis-dependent IgA nephropathy at age 57. She reportedly had a history of recurrent otitis, sinusitis and pneumonia; cytopenias, including anemia and thrombocytopenia; as well as auto-immunity, ANA positive with vasculitis. In addition, she had hypergammaglobulinemia with elevated IgM (IgG 1961 mg/dL, IgA 278 mg/dL, IgM 450 mg/dL). She had two infant female twins that died of unknown causes in infancy. Based on her past medical history, we hypothesize she harbored the founder mutation; however there was no genetic material for evaluation.
Discussion
GOF mutation in the p110δ subunit of PIK3CD is an immunodeficiency characterized by recurrent sinopulmonary infections leading to structural lung abnormalities including bronchiectasis, lymphoproliferation, and EBV and CMV viremia [1] . Typical laboratory abnormalities include a low to normal IgG, normal to elevated IgM, decreased specific antibody production, decreased total memory and switched memory B cells, and T cell lymphopenia with skewing to a memory phenotype.
The affected family members in our cohort shared many of these clinical and laboratory features. Importantly, both adult affected family members developed PSC. PSC is a known complication in 6-11% of patients with X-linked Hyper IgM Syndromes (HIGM), which is thought to be due to infection with Cryptosporidium parvum [5, 6] . Cryptosporidium infections in patients with MHC class II deficiency, as well as IL-21R deficiency, can also lead to development of PSC [7, 8] . Neither of our patients with PSC had evidence of Cryptosporidium parvum infection. P1 carried the diagnosis of UC prior to liver transplant which is associated with PSC [ 9 ] . Po s t l i ve r tr an s pl an t an d o n c yc l o s po r i n e immunosupression her UC went into remission, which was sustained for over 16 years. P2 had no history of IBD and had a recurrence of the PSC after the original liver transplant. Collectively, these observations suggest that GOF mutations in PIK3CD are a cause of PCS.
Apart from PSC, another common phenotype of this family is the occurrence of recurrent dental abscesses. Three patients (P1, P3 and P4) had recurrent dental abscesses despite appropriate dental hygiene and regular professional dental care. Patients with PIK3CD can have autoimmune cytopenias, which could predispose them to the dental abscesses. However, in our cases there was no evidence of immune cytopenias [1] . Therefore, the explanation if, or how, GOF PIK3CD predisposes to dental abscesses is unclear.
In summary, we report an association of GOF mutations in PIK3CD gene and the development of PSC in both adult patients with the PIK3CD mutation. Multiple genes, have been previously associated with PSC. Not surprisingly, key components of the adaptive and innate immunity are among those genes (e.g., IL2RA, IL21R, CD28 and MST1 among others) [10] and several of them converge at the PI3K/Akt signaling pathway [11] . The observation that PSC developed in 2 adult patients with GOF mutations in PIK3CD gene raises difficult diagnostic decisions for the optimal treatment of the affected children. GOF mutations of PIK3CD lead to activation of the mTOR pathway, which can be inhibited by rapamycin, allowing for a currently available specific therapy. However the lung toxicity and cancer risk makes rapamycin not an optimal choice for lifelong therapy [1] . Hematopoietic stem cell transplantation had been used in one patient successfully, however there is no long-term data at this time regarding its clinical efficacy. Additionally, clinical trials are underway to study the effectiveness of new biological agents inhibiting the p110δ subunit for the treatment of chronic lymphocytic leukemia [4] . The optimal treatment of these patients, whether that be conventional immunosuppressants, mTOR inhibition, p110 inhibition, or stem cell transplant, is unknown.
